Bacteriorhodopsin is a membrane protein that functions as a light-driven proton pump. Each cycle of proton transport is initiated by the light-induced isomerization of retinal from the all-trans to 13-cis configuration and is completed by the protein-driven reisomerization of retinal-to the all-trans configuration. Previous studies have shown that replacement of Leu-93, a residue in close proximity to the 13-methyl group of retinal, by alanine, resulted in a 250-fold increase in the time required to complete each photocycle. Here, we show that the kinetic defect in the photocycle of the Leu-93 -> Ala mutant occurs at a stage after the completion of proton transport and can be overcome in the presence of strong background illumination. Time-resolved retinalextraction experiments demonstrate the continued presence of a 13-cis intermediate in the photocycle of the Leu-93 -* Ala mutant well after the completion of proton release and uptake. These results indicate that retinal reisomerization is kinetically the rate-limiting step in the photocycle of this mutant and that the slow thermal reisomerization can be bypassed by the absorption of a second photon. The effects observed for the Leu-93 -> Ala mutant are not observed upon replacement of any other residue in van der Waals contact with retinal or upon replacement of Leu-93 by valine. We conclude that the contact between Leu-93 and the 13-methyl group of retinal plays a key role in controlling the rate of protein conformational changes associated with retinal reisomerization and return of the protein to the initial state.
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Isomerization of retinal by light is the first step in the transduction of light energy by proteins in the rhodopsin family. In bacterial rhodopsins such as bacteriorhodopsin and halorhodopsin, retinal isomerization is coupled to the vectorial transport of protons and chloride ions, respectively, across the cell membrane, whereas in the visual rhodopsins, retinal isomerization is coupled to the activation of guanine nucleotidebinding proteins (G-proteins) present in photoreceptor cells (1, 2) . In the bacterial rhodopsins, each cycle of light energy transduction is completed by protein-driven reisomerization of retinal to the starting configuration. In contrast, in the visual rhodopsins, the return of retinal to the initial state is accomplished either by absorption of a second photon or by exchange of the isomerized retinal with 11-cis-retinal (3, 4) . The molecular mechanism by which energy stored in the polypeptide chain is used to drive a change in retinal geometry is of fundamental interest in understanding light energy transduction by the bacterial rhodopsins.
In bacteriorhodopsin, light-induced retinal isomerization from the all-trans to the 13-cis configuration triggers a series of changes in protein conformation that result in three important stages in the photocycle: I, the release of a proton into the extracellular medium; II, the uptake of a proton from the cytoplasmic medium; and III, the thermal reisomerization of retinal to the starting all-trans configuration. These conformational changes are reflected as changes in the absorption spectrum, as evidenced by the sequential formation and decay of the optical intermediates J, K, L, M, N, and 0 (5, 6) . Spectroscopic studies of wild-type bacteriorhodopsin have shown that the release of a proton (T-50 ,tsec) into the extracellular medium coincides with the formation of the M intermediate (7) . Proton uptake and retinal reisomerization are thought to occur during the N-to-O transition (8) . At 250C, the cycle is complete in about 10 msec. Detailed spectroscopic and biochemical analyses of many site-specific mutants (9, 10) have established that Asp-85, Arg-82, and Asp-212 form a cluster of interacting residues in the extracellular half of bacteriorhodopsin that play a key role in the proton-release pathway (i.e., stage I of the photocycle) and that Asp-96, Thr-46, and Arg-227 form a cluster of residues in the cytoplasmic half that are involved in proton uptake (stage II). In contrast, little is known about the molecular mechanism of retinal reisomerization (stage III), which is thought to involve reisomerization of retinal from the 13-cis to a twisted all-trans state (11), followed by conversion to the starting all-trans configuration.
From an analysis of the properties of mutants carrying replacements of residues that make contact with retinal, Subramaniam et al. (12) and Greenhalgh et al. (13) reported that replacement of by alanine or Val-49 by alanine increased the time required to complete each photocycle by -250-fold and -10-fold, respectively. This increase is due to the accumulation of an equilibrium mixture of intermediates optically resembling the N and 0 intermediates of the wildtype photocycle, populated during stage III of the photocycle. A surprising feature of these mutants was that despite the slower cycling time, the steady-state vectorial proton-pumping efficiency in reconstituted vesicles under saturating yellow light was comparable to that of wild-type bacteriorhodopsin (12) , leading to two hypotheses: (i) the interactions of the nonpolar side chains of Leu-93 and Val-49 with retinal are important for either proton uptake or reisomerization or both, and (ii) absorption of a photon by the long-lived intermediates greatly accelerates completion of the photocycle, thus accounting for the normal steady-state transport activity. Here, we test these hypotheses and present evidence that the van der Waals contact between Leu-93 and retinal plays a key role in the rapid thermal reisomerization of retinal observed in the photocycle of bacteriorhodopsin.
MATERIALS AND METHODS
Construction and Purification of Mutants. Construction of halobacterial strains expressing the Leu-93 -> Ala mutant and purification of purple membranes containing the mutant bacteriorhodopsins were carried out as described (14, 15) . Purified tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. membranes (at an optical density of 0.5 at 540 nm) were suspended in 10 mM sodium phosphate buffer ( Biophysics: Delaney et aL observed for wild-type bacteriorhodopsin (Fig. 1) . At lower background light levels, the photocycling rate varied linearly with background light intensity (Fig. 2 Inset) (Fig. 3) . The concentration of the 13-cis isomer increases to -65% following illumination and then decreases slowly to the initial value of '20%. The conkentration of the all-trans isomer decreases initially to -35% following illumination and increases slowly to the initial value of '80%. From these measurements, the time constant for the thermal interconversion of 13-cis and all-trans isomers is '20-25 sec, although the time required for protein denaturation and the temperature fluctuations during the experiment make this only an approximate estimate. Transient absorption spectroscopic measurements carried out under the same conditions showed that the decay of the N and 0 intermediates to bacteriorhodopsin Time-dependent changes in the concentration of 13-cis (0) and all-trans (0) retinal isomers at different times after illumination of the Leu-93 -> Ala mutant at pH 6 .0. The ratio of the all-trans and 13-cis isomers is about 80%:20% in both the dark-and light-adapted states of this mutant (12) . The concentration of the 13-cis isomer increased by -45% following illumination and subsequently decayed to the initial value. The concentration of the all-trans isomer decreased by -45% after illumination and returned to the initial value. No other isomers besides the all-trans and 13-cis forms were detected. (Fig. 4A) , in marked contrast to the decrease observed in the case of wild-type bacteriorhodopsin (18) . An Arrhenius plot of the rate of decay of the 0 intermediate showed that the activation energy for the transition from the 0 intermediate to the initial bacteriorhodopsin state was -77 kJ/mol (Fig. 4B) , which is '18 kJ/mol higher than that observed for wild-type bacteriorhodopsin (19) . The linearity of the Arrhenius plot also demonstrates that no change in heat capacity occurs during this transition. These measurements show that the long-lived 0 
DISCUSSION
The above experiments demonstrate that the Leu-93 -* Ala mutation delays the photocycle at a stage following initial retinal isomerization, proton release, and proton uptake but before retinal reisomerization. The effect of the Leu-93 -> Ala mutation is reversed by light-induced retinal reisomerization. Mutagenesis studies have shown that replacement of any other residue in contact with retinal, including those in the general vicinity of the C-13=C-14 double bond (Thr-46, Tyr-57, Asp-85, Thr-89, Tyr-185, and Asp-212), can have profound effects on light and dark adaptation and increase the fraction of 13-cis retinal present in the light-adapted state of bacteriorhodopsin (20) (21) (22) (23) (24) (25) . However, the effects of these substitutions are to change the kinetics of the steps associated with proton transport in the photocycle or to reduce the efficiency of proton transport under steady-state illumination (9, 10) .
Leu-93 is located in close proximity to the methyl group located on C-13 of retinal (ref. 26 ; Fig. 5 ), a key region that undergoes changes in structure following light absorption (27) (28) (29) Val-49 is located within van der Waals distance of Leu-93 (Fig.  5) , and the replacement of Val-49 by alanine is expected to result in a looser packing of the Leu-93 side chain. Together, these observations further support the hypothesis that the contact between retinal and Leu-93 regulates the rate of retinal reisomerization.
The mechanism proposed above implies that the van der Waals contact between retinal and Leu-93 is likely to be different in the late stages of the photocycle as compared with the early stages. Spectroscopic studies (32) (33) (34) and diffraction experiments (35, 36) provide strong evidence for protein structural changes in the late stages (i.e., II and III) of the photocycle. Indirect evidence for structural changes in the vicinity of the Leu-93 side chain comes from linear dichroism (37) and neutron diffraction studies (38) , which show that the angle of the C-S to C-13 portion of the polyene chain is increased by 110 60 with respect to the membrane normal in the M intermediate. Given the steric constraints at the ,B-ionone ring (i.e, the C-S end) of the chromophore, this pivoting implies an upward motion of retinal near the C-13=C-14 double bond, leading to the displacement of the C-13 methyl group toward Leu-93. Hence, the interaction of Leu-93 with the 13-methyl group is likely to play a central role in the return of retinal to the starting all-trans configuration. These findings suggest that the Leu-93 side chain is involved in retinal reisomerization by providing a point of contact at which the protein may "push" on retinal. Whether the contact between the Leu-93 side chain and retinal is only confined to the C-13 methyl group or whether it involves other neighboring sites on retinal remains to be determined.
It is instructive to compare the long-lived N and 0 intermediates in the photocycle of the Leu-93 --Ala mutant with corresponding intermediates in the photocycle of wild-type bacteriorhodopsin. A variety of visible and vibrational spectroscopic analyses (9, 11) suggest that under physiological conditions, the sequence of intermediates in the late stages of the wild-type photocycle can be described as follows: The data presented here do not allow us to distinguish unequivocally between these two models. However, they strongly suggest that the latter model best describes the photocycle of the Leu-93 --Ala mutant. It is important to note that the accumulation of a 13-cis 0 intermediate in the photocycle of the Leu-93 -> Ala mutant does not exclude the presence of an additional all-trans 0 intermediate. Interestingly, the presence of a 13-cis 0 intermediate in the wild-type photocycle has also been postulated (6) . However, the conclusion that the van The identification of a mutant in which an intermediate can be accumulated at a stage in the photocycle after proton uptake provides a powerful tool to investigate light-driven structural changes in bacteriorhodopsin. Structural studies with the Asp-96 -> Gly mutant in which the photocycle is slowed down between the proton release and uptake steps (i.e., stages I and II) have already identified significant structural changes in helices F and G following light-driven proton release (36) . The results presented here also provide a structural basis to understand previous findings on the importance of the methyl groups on retinal in the function of different rhodopsins. When bacteriorhodopsin is regenerated with a retinal analog lacking the 13-methyl group, the ratios of 13-cis and all-trans retinal in the dark-adapted state are greatly altered, and the photocycles associated with both isomer forms display long-lived intermediates (40) . Similar experiments with sensory rhodopsin I (41) and bovine rhodopsin (42) suggest that specific methyl groups of retinal act as a "steric trigger" in light-driven activation. Thus, sensory rhodopsin I-mediated phototaxis in Halobacterium salinarium is not detected when retinal is exchanged for 13-desmethylretinal. Regeneration of vertebrate rhodopsin with a retinal analog lacking the 9-methyl group impairs formation of metarhodopsin II, the key intermediate required for activation of guanine nucleotide-binding proteins in the photoreceptor cell. High-resolution structures are not currently available for any other bacterial or visual rhodopsin. Our results suggest that the critical role of retinal methyl groups in light transduction is because they are directly involved in van der Waals contacts with regions of the protein undergoing structural changes. Such interactions may also represent a general theme for protein-ligand coupling during steps in signal transduction by other seven-helix membrane receptors.
